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ABSTRACT
Experiments were conducted in a sand tank to determine the influence of grain 
size of a porous medium and residual water saturation on the movement of diesel fuel. 
Three different grades of sand (#12, #20, and #30 grades with mean grain diameters of 
0.178cm, 0.08cm, and 0.056cm respectively) were used in the experiments. A water 
table was simulated and the sand above the capillary fringe was initially at residual 
water saturation. Diesel fuel (5 liters) was leaked into the sand, above the capillary 
fringe. A uniform, symmetrical pattern of diesel fuel smearing was observed for all 
the three grain sizes of sand, due to rising and falling water tables (rising and falling 
rates were 1.5 cm/hr). The quantity of diesel fuel that was trapped below the water 
table during the rising phase increased with a decrease in the grain size. The average 
quantity of diesel fuel that was entrapped in the sand due to a rising water table was 
33, 51, and 67 L/m3 in #12, #20, and #30 grade sands respectively. The area of diesel 
fuel smearing also increased with a decrease in the grain size. The quantity of diesel 
fuel retained in the vadose zone due to a falling water table was higher in the fine 
grained sand compared with the coarse grained sands. The falling water table caused 
an average diesel fuel retention of 28, 39, and 54 L/m3 in #12, #20, and #30 grade 
sands respectively. The magnitude of diesel fuel retention was not proportional to 
the difference in grain sizes. The breakthrough of water through the diesel fuel layer, 
reported for experiments with dry sand, was not observed when the sand above the 
capillary fringe was initially under residual water saturation. A method to find the total 
petroleum hydrocarbon (TPH) concentration from the color-intensity of a dye that was 
added to the diesel fuel, was investigated. A high level of correlation between the color 
intensity and TPH was observed for the rising water table experiments. The linear
relationship between color intensity and TPH was unique for each run and hence, a 
general equation for predicting the TPH concentration from dye color intensity could not 
be developed. Dimensional analysis suggested the existence of a linear relation 
between the log values of the dimensionless numbers (Gallileo, Capillarity-1, and 
Gravity) and the log values of a dimensionless quantity (smeared area divided by the 
square of mean grain diameter) representing the diesel fuel smeared area due to a 
rising water table.
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CHAPTER 1
INTRODUCTION
Groundwater contamination by Non Aqueous Phase Liquids (NAPL) due 
to accidental leaks and spills is a serious environmental concern. Remediation 
of contaminated groundwater and soil depends on the source and type of 
contamination and on the nature of the subsurface. Understanding the fate and 
transport of the NAPLs in the subsurface is necessary to delineate the area of 
contamination and apply suitable methods of remediation. The transport of 
NAPLs in the unsaturated (vadose) zone and saturated zone of the subsurface 
constitutes a multiphase flow involving NAPLs, air and water.
Nonaqueous phase liquids can be either denser than water (Dense 
Nonaqueous Phase Liquids - DNAPLs) or lighter than water (Light Nonaqueous 
Phase Liquids - LNAPLs). Although NAPLs are generally considered to be 
immiscible in water, certain components of NAPLs may be soluble in water. 
Additionally, soil can retain some quantity of the NAPLs, depending on the 
physical and chemical conditions in the subsurface (Zalidas et al., 1991). 
NAPLs retained by soil can partition into air or water at a later time. The 
transport of NAPLs can be complicated by the heterogeneity of the soil. Field 
investigations of actual spill sites exhibit complex heterogeneities and are 
insufficient to characterize the migration of NAPLs. Laboratory studies enable
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researchers to control the variables involved and identify the parameters 
influencing the NAPL movement.
Experimental studies have been conducted using physical models 
simulating contaminant flow in different media. Infiltration of NAPLs in porous 
media have been studied by Abdul (1988), Reible et al. (1990), Schwille (1988), 
and Eckberg and Sunada (1984). Pantazidou and Sitar (1993) reported on the 
changes in the LNAPL front as it approached a capillary fringe. Zalidas et al. 
(1991) and Powers et al. (1992) investigated the dissolution of NAPL in water. 
Few experiments have been conducted to understand the effects of a fluctuating 
water table on contaminant flow. Sabapathi (1993) simulated a rising water 
table in a sand tank and reported the differences in LNAPL distribution due to 
different water table rise rates. Sabapathi observed that when the water table 
with an overlying air-dried vadose zone was raised, the underlying water broke 
through the diesel fuel layer and continued upward above the fuel layer.
The purpose of the present work was to determine the influence of grain 
size of a porous medium (sand) on the diesel fuel movement and retention under 
conditions of rising and falling water tables. Additionally, the effect of moisture in 
the region above the capillary fringe on the migration of diesel fuel was 
investigated and compared with the results of Sabapathi.
Previous Work
Physical models have been used to visually observe the migration of 
contaminants in porous media and to develop mathematical models to predict 
the contaminant flow. Schwille (1988) did a pioneering work with columns and 
troughs to observe the behavior of chlorinated hydrocarbons in sand and glass
beads that represented a porous medium. Schwille outlined the importance of 
considering several parameters such as water content and contaminant volatility 
in conducting experimental studies. Abdul (1988) carried out experiments in a 
glass column and found that the oil pressure needed to displace the water from 
the pores of the sand medium during infiltration increased with depth below the 
top of the column. Abdul also observed that for small to moderate leak rates, an 
LNAPL would preferentially spread laterally above the water table.
Pantazidou and Sitar (1993) simulated a kerosene spill in a two 
dimensional sand tank and observed that an LNAPL front migrating downwards 
loses its circular shape and becomes irregular as it approaches the capillary 
fringe. Some experiments conducted by Pantazidou and Sitar in layered soils 
showed that the kerosene propagation was largely dependent on the geometry 
of the medium , but invariably resulted in higher lateral spreading. Layered 
systems were also considered by Kueper et al. (1992) in their experiments with 
tetrachloroethylene, a DNAPL. Tetrachloroethylene introduced into a parallel- 
plate sand-packed cell flowed laterally, avoiding the penetration into fine sand 
lenses, suggesting that differences in capillary characteristics of a medium can 
significantly influence the migration of a DNAPL.
Reible et al. (1990) described a mathematical model that can be applied 
to the one dimensional infiltration of a NAPL through an unsaturated zone 
initially at residual saturation. Equations governing the movement of the NAPL 
and water in a groundwater system were obtained through a combination of 
mass balance equations for multiphase flow by Pinder and Abriola (1986). 
Eckberg and Sunada (1984) developed a model to estimate the water saturation 
at static equilibrium and conducted experiments in a column to support their
model. They found that the water saturation was a function of the capillary 
pressure between NAPL and water.
Infiltration studies that focused on the dissolution of NAPL in water were 
also done using physical models. Zalidas et al. (1991) developed and tested an 
experimental technique to study the movement of dissolved volatile compounds 
under unsaturated water flow conditions. Zalidas et al. (1991) found that the 
time taken for complete depletion of benzene, toluene, ethylbenzene, and xylene 
from a residually saturated soil (saturated with gasoline) by infiltrating water 
ranged from 430 to 4870 days. Powers et al. (1992) conducted experimental 
investigation of steady state dissolution of NAPLs trapped within water saturated 
porous media. The results of Powers et al. showed that the dissolution rate 
depended on the distribution pattern of entrapped NAPL and on aqueous phase 
velocity.
A sand tank model was used by Sabapathi (1993) to study the effect of 
water table fluctuations on the distribution of diesel fuel. Sabapathi observed 
that the diesel fuel layer rose along with water as the water table was raised, 
only up to a certain height, after which water broke through the diesel fuel layer. 
The sand in the unsaturated zone was kept dry in Sabapathi's experiments. In 
this thesis, the effect of residual water saturation in the vadose zone and the 
influence of grain size on the distribution of diesel fuel are studied.
CHAPTER 2
THEORY 
LNAPL Migration
The movement of a light nonaqueous phase liquid in the subsurface can 
be characterized as a multiphase flow involving immiscible displacement 
(Dullien, 1992). Figure 1 shows the schematic of the subsurface and the main 
drainage curve for water (Abdul, 1988).
Ground Surface
Residual
Saturation
Pendular Zone
Main Drainage 
Curve
Depth
FunicutacZone
Residual Air
Capillary Fringe
W ater Table
1000 Saturation
Figure 1. Schematic of the subsurface
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Water rises above the water table by virtue of its surface tension, to form 
a capillary fringe. The rise of water in a small tube is given by the equation:
, 2a  cos 0 
h = ------------
fP9 (Jury et al.. 1991) 
where h = vertical rise of water 
a = surface tension 
p = density
g = acceleration of gravity 
r = radius of the tube
0 = contact angle between wall of tube and water surface 
The above equation infers that the height of the capillary fringe depends 
on the pore size distribution of the soil. The capillary fringe can be visualized as 
a collection of vertical tubes of radii equal to the pore radii. The mean pore 
radius of a porous medium can be estimated from the grain size and porosity of 
the soil as follows:
r _ d (n -0 wr)
3 (1 -n + 0 wr) (Ostendorf et al., 1993)
where d = mean grain diameter 
n = porosity
0Wr = residual water saturation 
Fine grained soil such as silt or clay has a thicker capillary fringe than 
coarse grained sand or gravel (Testa and Winegardner, 1991). Although the 
majority of pore spaces in the capillary zone are filled with water, a small number 
of pores can contain entrapped air. The funicular zone is immediately above the 
capillary fringe where the degree of saturation varies from residual saturation to
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capillary saturation. Above the funicular zone is the pendular zone where water 
is held in the necks of the pore spaces due to adhesive forces. The soil in the 
pendular zone is at irreducible residual water saturation because the water 
content cannot be reduced any further by drainage. For multiphase flow, the 
movement of an LNAPL is governed by its ability to displace air or water from the 
soil pores in the various zones of the subsurface (Abdul, 1988).
An LNAPL released at ground surface or in the pendular zone, can 
migrate downwards under the influence of gravity. LNAPL movement depends 
on its density, viscosity, and surface tension and on the residual water content of 
the soil. The migration of LNAPL through the different zones of the subsurface 
depends on its ability to overcome the capillary pressure. Capillary pressure is 
defined as the difference in pore pressures of two immiscible liquids (water and 
LNAPL) at the interface (Fetter, 1993). Capillary pressure Pc is given by the 
equation,
Pc = Pw ■ Pnw 
where Pw = pressure of wetting fluid (water)
Pnw = pressure of non-wetting fluid (LNAPL)
Wetting and non-wetting correspond to the preferential affinity of water 
and LNAPL to the particles of the porous medium. Capillary pressure is 
minimum at the ground level and increases towards the water table. In the 
pendular zone and part of the funicular zone, the LNAPL can displace the air in 
the large pore spaces and infiltrate into the soil. On reaching the capillary 
fringe, the LNAPL flow is resisted by the presence of water in the pore spaces. 
Unable to overcome the capillary pressure, LNAPL tends to initially spread 
laterally in the capillary fringe. With an increase in the quantity of LNAPL
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reaching the capillary fringe, the LNAPL can penetrate the capillary fringe and 
spread on top of the water table. Soluble components of LNAPL may dissolve in 
water and migrate below the water table (Eckberg and Sunada, 1984).
The flow pattern of LNAPL described above can vary due to several 
factors. Volatilization into air and adsorption to surface of soil particles can 
impede the migration of LNAPL. In porous media, the residual water saturation 
can vary with the grain size and porosity of the soil. Sand and gravel have large 
pores and can easily allow vertical downward movement of LNAPL. Low 
permeability soil, such as clay, can hold a large quantity of water even in the 
pendular zone and can act as a barrier to LNAPL flow. Microorganisms in the 
subsurface can degrade certain components of the LNAPL in both aerobic and 
anaerobic conditions. Soil heterogeneity and anisotropy can further create a 
complex environment, making it very difficult to predict the flow of LNAPL.
LNAPL Retention
A water table can move up and down in response to seasonal recharge 
and discharge and due to local pumping. A LNAPL layer floating on the water 
table is expected to move upwards as the water table rises and downwards 
when water table declines. Significant quantity of LNAPL can get entrapped 
within the pore spaces of the medium due to the movement of a water table 
(Hunt et al., 1988). The amount of LNAPL retained in the porous media is often 
expressed as residual saturation which is the ratio of entrapped LNAPL volume 
to pore space volume (Powers et al., 1992). Porous media characteristics such 
as pore size and pore structure can influence the LNAPL retention (Powers 
et al.,1992; Kia,1988).
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If the soil particles are assumed to be uniform and spherical in shape, 
they can be arranged in different packing configurations ranging from cubic to 
rhombohedral with porosities in the range of 0.476 to 0.259 (Kia, 1988). Based 
on theoretical calculations and experimental studies, Kia (1988) reported that 
the LNAPL retention increases with porosity and is independent of the particle 
size above a porosity of 0.43. For porosities between 0.43 and 0.39, the 
retention is dependent on the particle size. For uniform, spherical particles, the 
residual saturation was predicted to increase with a decrease in the particle size, 
provided the porosities remained unchanged (Kia, 1988). In a natural soil 
system, the packing could be random and the particles may not be uniform and 
spherical. The LNAPL retention in a graded porous medium will be more than 
that in a uniform medium for the same mean grain size (Powers et al., 1992).
Dimensionless Numbers
Dimensionless numbers facilitate the application of the results of 
experimental investigations to natural systems. A mathematical model that 
describes a physical phenomenon can be verified by using dimensional analysis 
by comparing the values predicted by the model with the experimental results 
(Powers et al., 1992). The forces that are dominant in a system can be identified 
by dimensional analysis. Table 1 shows dimensionless numbers that describe 
the flow of a liquid through a porous medium. The parameters that form the 
dimensionless numbers are as follows: 
p = density
V = velocity (water table rise rate)
I = characteristic length (mean pore diameter)
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L = distance of water table rise 
H = absolute viscosity 
g = acceleration of gravity 
at = surface tension 
k = permeability 
0 = contact angle 
ci = interfacial tension 
Apf = density difference 
The mean pore diameter was the variable whose influence on the flow of diesel 
fuel was studied in this thesis.
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Table 1
Description of dimensionless numbers
Dimensionless Numbers Ratio of forces Formula
inertia pVI
Reynolds viscous ft
inertia
(M
Weber surface-tension
viscous pVL
Porous flow capillary k2a t cos0
gravity giVo
Gallileo viscous p2
capillary OjVk
Capillarity-I filtration (iVL
gravity kgApf
Gravity filtration pV
Source: The Land chart of dimensionless numbers, Omega Engineering, Inc.
CHAPTER 3
MATERIALS AND METHODS 
Sand Tank
Sand tank models have been used to simulate field conditions and 
perform oil movement studies in the laboratory (Schwille, 1988; Schiegg, 1987; 
Pantazidou and Sitar, 1993; Kueper et al., 1989). Previous work has shown 
that the dimensions of the sand tank and the materials used for construction 
must be selected carefully to minimize experimental errors. Schwille (1988) and 
Schiegg (1987), after testing different sand tank construction materials, 
demonstrated that preferential wetting by a nonaqueous phase liquid is minimum 
in glass plates when compared to acrylic and plexiglass. Glass plates also allow 
the researcher to make visual observations of the fluid movement inside the 
tank. Based on the guidelines of Schiegg (1987), a sand tank was constructed 
and experiments were conducted by Sabapathi (1993). The research presented 
in this thesis was done in the sand tank that was used by Sabapathi (1993).
The frame of the tank measures 92 cm in length, 63 cm in height and 16 
cm in width. The frame was constructed using aluminum (T-6 6061) angles and 
plates. A glass plate (0.64 cm thick) was fixed at the front side of the tank using 
silicone sealing compound. The back side of the tank was made of aluminum 
panel to accommodate the core sampling fixtures. The back panel was fixed at a 
distance of 10 cm from the glass front. A partition was made on either side of
12
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60
All units are in cm
A - Front Glass Plate D - Manometer
B - Back Aluminum Panel E - Water Inlet
C - Vertical Partition F - Drainage Outlet
Figure 2. Sand tank .
the tank by placing a vertical panel at 5 cm from the edge of the frame(Figure 2). 
Three holes (0.25 cm in diameter) were drilled at the bottom of the vertical 
panels for the water to flow into the middle compartment. The partitions acted as 
the lateral boundaries for the sand filled middle compartment. The final
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dimensions of the middle compartment were 81 cm in length, 60 cm in height, 
and 10 cm in width. The two outer compartments formed constant head 
reservoirs to maintain a water table inside the tank.
Acrylic tubes (16 mm inside diameter) were connected on either side of 
the tank using brass tees. The acrylic tubes acted as manometers and indicated 
the position of water table during the experiments. A water inlet was provided on 
either side of the tank by connecting a nipple and an elbow to the tee. A brass 
nipple (6mm internal diameter) was fixed on either sides of the tank with an 
outlet pipe to drain the water from the tank. The drainage outlets were located 
at a distance of 5 cm from the bottom of the tank.
A sampling matrix was installed by drilling 15 holes (2.5 cm diameter) on 
the back panel of the tank. The holes were threaded and PVC pipe nipples 
(internal diameter 2.5 cm) were fixed in them. Figure 3 shows the layout of the 
15 sampling locations in the back panel of the tank. The annular space between 
the PVC pipe nipple and the threaded hole in the back panel was sealed with 
silicone. Becton Dickinson and Company syringes (Catalog No. BD 662) were 
used as sampling devices to collect soil cores at the end of each experiment. 
The front end of the syringe was cut off and the remaining portion was inserted 
into the tank through the PVC pipe nipple. The syringe was placed such that its 
front end was flush with the inside of the tank back panel. The space between 
the syringe and the PVC nipple was sealed with silicone. A soil core sample 
measuring 2.5 cm in diameter and 6 to 8 cm in length, could be collected by 
pushing the syringe into the tank and simultaneously withdrawing the plunger.
The tank was placed on a cart fitted with casters to move the tank from 
the sand filling area to the laboratory area where the experiments were
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conducted. The cart was also used to take the tank outside the building after 
completion of an experiment for emptying and cleaning purposes. A ventilation 
hood was placed on top of the middle compartment of the tank whenever an 
experiment was conducted to prevent the migration of diesel fuel vapors from the 
tank. The hood was connected to an exhaust system through 100 mm flexible 
aluminum piping.
Fuel release 
point
30
° 3 o  2
O 1
N .  O 6 O 5 0  4
O 9 ^ ^ O 8 O 7
O 12 O 11 O 10
O 15 O 14 O 13
h — 20— -----2 0 -----H
N ----------------------------- — 81---- ---------------------------- i
10
10
10
10
15
60
All units in cm
Figure 3. Sampling locations on the back panel of the middle compartment of 
the sand tank.
Schiegg (1987) determined the optimal width of the tank model by 
considering the properties of the porous medium. Schiegg concluded that the 
porosity of packed spheres along a smooth wall is greater than within the porous 
medium and the influence of wall extends over four to five grain diameters. The
16
wall or edge effect was estimated to cause a 25% increase in the porosity over
the four or five grain diameter space. Schiegg (1987) used the following relation
to determine the width of the tank.
0.25n(94») n — — = 0 .005n
W
where <j> = mean grain diameter 
n = porosity 
W = width of the tank 
The above equation assumes an error not greater than 0.5% saturation over the 
width of the tank caused by the increase in local porosity. The maximum 
possible error due to the increase in local porosity over the 10 cm width of the 
tank for each grade of sand was calculated using a rearranged form of Schiegg's 
equation. The errors for the media used in this thesis for the constructed tank 
were 4.0, 1.8, and 1.3 percent for #12, #20, and #30 grade sands respectively.
Sand
Crystalline silica sand supplied by Corona Industrial Sand Company 
(CISCO), California, was used in the experiments. The sand was fresh-water 
washed, salt free and kiln dried according to the supplier's specifications. 
Typical chemical composition and certain physical properties of the three grades 
of sand are presented in Tables 2 and 3.
The moisture contents of all three grades of sand were determined 
gravimetrically (Appendix 1) and found to be less than 0.10%. The porosity of 
sand was calculated by weighing the sand that was filled in the tank. A value of 
2.65 g/cm3 for the particle density of sand (CISCO specification) was used in the
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Table 2
Physical properties of sand
Property #12, #20, #30 grade sands
Color White
Specific Gravity 2.60-2.65
Hardness 6 to 7 on Moh Scale
Acid Solubility <0.5%
Grain Shape angular to sub-angular
Source: CISCO Specifications
Table 3
Typical chemical composition of sand
Element Percent
#12 Sand #20 Sand #30 Sand
Silica Dioxide 92.04 93.13 92.4
Aluminum Oxide 4.2 3.6 4
Iron Oxide 0.1 0.1 0.1
Titanium Oxide 0.12 0.11 0.12
Chromic Oxide 0.001 0.001 0.001
Calcium Oxide 0.08 0.07 0.08
Barium Oxide 0.04 0.04 0.04
Magnesium Oxide 0.006 0.005 0.006
Sodium Oxide 0.37 0.32 0.35
Potassium Oxide 2.94 2.52 2.8
Source: CISCO Specifications
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porosity calculations (Appendix 1). Porosities of all three grades of sand were 
found to be 0.40±0.01 (single measurement calculated uncertainty). Figure 4 
represents the grain size distribution curves for #12, #20 and #30 grade sands. 
Three random samples of each grade of sand from different bags were sieved 
using Ro-Tap Testing Sieve Shaker Model B (Tyler Industrial Products) for ten 
minutes. The sand retained in the different sieves was weighed using a Mettler 
analytical balance (Model AE240, sensitivity 0.1 mg). The sands were well- 
sorted with uniformity coefficients (obtained by dividing the maximum diameter of 
the smallest 60% by weight, by the maximum diameter of the smallest 10% by 
weight, of the soil particles) less than 1.50.
100
80
60
40
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0
1010.1
Particle size(mm
•0-------- #12 Sand  0 ---------#20 Sand  □-------- #30 Sand
Figure 4. Grain size distribution curves for #12, #20 and #30 grade sands.
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Diesel Fuel
The light nonaqueous phase liquid considered for this study was 
commercially-available No. 2 diesel fuel. The physical and chemical properties 
of all commercial fuel oils depend on the different refining practices employed 
and the nature of the crude oils from which they are produced (ASTM D 975). 
Block et al. (1992), described No. 2 diesel fuel as a complex mixture of more 
than 200 compounds. Some of the normal properties and typical specifications 
of No.2 diesel fuel are presented in Table 4 (Block et al., 1992).
Table 4
Typical Specifications and Normal Properties of No. 2 Diesel Fuel
Specifications Normal Properties
API Gravity 30-39 31.8-34.0
Specific Gravity 0.830-0.876 0.85-0.87
Flash Point, F 135 (minimum) 145-165
Viscosity, cSt @ 100 F 1.9-4.1 3.5-3.8
Color, Saybolt 2.0 (maximum) 1.0-1.5
Distillation, ASTM D86 (F)
Initial Boiling Point _ 300-320
10% Point _ 355-380
50% Point _ 450-550
90% Point 540-640 620-635
Final Boiling Point 600-690 665-675
Cetane Number 42 (minimum) 45-46
Due to the complexity of diesel fuel and the different manufacturing 
processes, the chemical composition of the diesel fuel can vary to a great extent. 
To minimize the variation in composition, diesel fuel for all the experiments were 
purchased from the same gas station (Rebel Town & Country, 4111 South 
Paradise Avenue, Las Vegas). The diesel fuel was analyzed in a gas 
chromatograph (details under Sampling and Analysis on page 29) to determine 
the chemical composition. Figure 5 shows the comparison of carbon number 
distribution of diesel fuel bought at different times during the course of the study.
8 to 11 12 to 15 16 to 20 21 to 25
Carbon Number
^  20-M ar-94 H  18-Apr-94 □  11-M ay-94
H  6-Jun-94 HI 21-Jun-94 □  18-Jul-94
Figure 5. Comparison of carbon number distribution of diesel fuel 
bought at various times.
The variation in the integrated area of peaks for diesel fuel bought at 
various times during the course of the study was within 7.3% (Figure 5). The
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difference in the carbon number distribution may be due to the seasonal 
composition changes made at the refineries.
The density of the diesel fuel was determined by measuring the weight of 
diesel fuel sample in a standard 50 ml volumetric flask. The density was found 
to be 0.85±0.002 g/cm3 (standard deviation).
Filling the Tank
The method of sand filling can affect the movement of water or any liquid 
inside the tank. Improper filling techniques can cause heterogeneities due to the 
segregation of the sand by size (Glass et al., 1989; Johnson et al., 1994). An 
ideal filling would result in a homogenous, isotropic porous medium with 
reproducible fluid movement. A filling apparatus based on the design of Glass et 
al. (1989), was constructed and used by Sabapathi (1993) to get an unstratified 
filling. In this study, the sand was filled in the tank with the filling apparatus used 
by Sabapathi.
The filling apparatus (Figure 6) was constructed using galvanized sheet 
metal. The apparatus, when placed on top of the tank, extended above the 
middle compartment to a height of 105 cm. The filling apparatus has three wire 
mesh grates (6.25 mm square) at 20, 50 and 60 cm distance from the bottom 
and a top portion in the shape of a funnel. The wire mesh grates acted as 
randomizers and distributed the sand evenly in the tank. A perforated stainless 
steel plate was added to the top wire mesh grate while the tank was filled with 
#20 and #30 grade sands. The steel plate had 1.27 cm diameter holes at a 
uniform spacing of 1.27 cm. The topmost wire mesh grate was covered with a
22
cloth and approximately 15 kg of sand was placed on the cloth to initiate a 
uniform filling. The cloth was then pulled away and sand was continually added 
until the tank was filled. Even rising of sand inside the tank was observed and 
layering due to particle size segregation was absent.
All units in cm
A - 6.25 mm wire mesh grate for filling #12 sand.
Stainless steel perforated plate added for filling #20 and #30 sand.
B & C - 6.25 mm wire mesh grates
Figure 6. Filling apparatus.
Initial Moisture Condition
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Initial moisture conditions were simulated by wetting the sand with water 
before releasing the diesel fuel into the sand. The experiments were conducted 
in a temperature-controlled room. However, during the course of the study, the 
room temperature fluctuated between 22 and 25 degrees centigrade. Figure 
9(a) shows the sand filled tank at the starting of an experiment (page 27).
Water was slowly introduced into the sand filled tank through the outer 
compartments at a rate of 15 ml/min using a variable speed flow pump (Cole- 
Palmer Instrument Company, Model 7014-20). De-ionized water obtained from a 
water purifying system (Barnstead, Nanopure-Ultrapure Water System, Model 
No. D4741) was used in all the experiments. The water was allowed to rise 
inside the tank, wet the sand completely and pond on top of the sand. Then the 
water was released from the tank through the drainage outlets. The location of 
the drainage outlets permitted maintaining a water table level at 5 cm from the 
bottom of the tank.
After 24 hours of gravity drainage (Figure 9(b) in page 27), a portion of 
the sand immediately above the water table appeared wetter than the remaining 
top portion. The line that separated the visibly wet region from the less wet 
region was at a distance of 5, 10, and 15 cm above the water table for #12, #20 
and #30 grade sands respectively. Soil core samples were collected at the 15 
sampling locations and volumetric water contents were calculated (Appendix 1). 
Figure 7 shows the moisture content profiles for the three grades of sand after 
gravity drainage.
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Figure 7. Moisture content profile for #12, #20 and #30 grade sands 
after gravity drainage.
Diesel Fuel Release
The diesel fuel was mixed with Oil Red 0  to visually track the movement 
of diesel fuel in the sand tank. Oil Red O is a hydrocarbon soluble dye 
manufactured by Kodak Laboratories. The dye was added at a concentration of 
50 milligrams per liter of diesel fuel. The separation of dye from the diesel fuel 
after the fuel was released into the sand tank was of much concern. Chappell 
(1993) studied the separation of dye from the diesel fuel by mixing the dyed 
diesel with different samples containing varying quantities of sand and/or water. 
A spectrophotometer (Bausch and Lomb Spectronic 20) was used to observe the 
partitioning of dye and diesel fuel in sand and water. Chappell's results 
indicated that there was no separation of dye from the diesel fuel.
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A stainless steel tube (internal diameter 10 mm) with 15 equally spaced 
holes (0.76 mm diameter), was used to release the diesel fuel into the tank 
(Figure 8). The fuel release tube was inserted through the back panel of the 
tank during the sand filling process. During filling, as the sand approached the 
fuel release level, the steel tube was pushed inside the tank through the back 
panel. The disturbance caused to the sand surrounding the fuel release tube 
was minimized by this insertion procedure.
The fuel release tube spanned across the 10 cm width of the tank with the 
holes on the top side. The dyed diesel fuel was introduced into the tank using a 
Metronics RPG-150 reciprocating pump at a uniform rate of 0.75 L/hr. The 
diesel fuel filled the stainless steel tube and then overflowed into the sand. Five 
liters of diesel fuel was introduced in each experiment. Figure 9(c) shows the 
introduction of diesel fuel and figure 9(d) shows the stage after 5 liters of diesel 
fuel entered the sand tank (page 27).
10 cm
Fuel Release Hole
Figure 8. Fuel release tube.
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Rising and Falling Water Tables
After the diesel fuel had entered the tank, a five hour time period was 
allowed for stabilization. Water was then pumped into the tank at a slow rate of
1.5 cm/hr via the outer compartments, simulating a water table rise. Figure 10(a) 
shows the intermediate phase of a rising water table. As the water table was 
raised, the diesel fuel also moved vertically upwards along with water. The 
water table rise was continued till the water reached the top of the tank. Figure 
10(b) shows the conclusion of a rising water table experiment.
The falling water table experiments were similar to the rising water table 
experiments up to the stage shown in figure 10(b), when the water table reached 
the top of the tank. The water table was then brought down at a uniform rate of
1.5 cm/hr by pumping water out of the tank. Figure 10(c) shows the intermediate 
phase of a falling water table. Most of the diesel fuel migrated downwards along 
with the water. The water table lowering was continued to a certain level that 
represented the initial water level after the introduction of the diesel fuel. Figure 
10(d) shows the conclusion of a falling water table experiment. The falling water 
table experiments simulated one cycle of a fluctuating water table. Soil core 
samples were collected at the end of each experiment for analysis.
A video camera (Sony, Model CCD-TR81) was used to record the 
experiments with a time-lapse device. Time lapse photography (one frame for 
every 175 seconds) enabled to view each experiment that took 4 to 5 days in 
less than 8 minutes. The video recordings were supplemented with 35 mm 
slides and photographs.
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Sampling and Analysis
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Soil core samples were collected from the 15 sampling locations at the 
end of each experiment. The samples were analyzed by Gas Chromatography 
(GC) to determine the Total Petroleum Hydrocarbons (TPH). The analysis was 
based on EPA method 8015 (U.S. EPA, 1986). The extensive extraction 
procedures outlined in the EPA method 8015 were simplified because only one 
contaminant (diesel fuel) was present in the soil sample and it was known prior 
to analysis. Also the soil sample did not contain organic matter, microbial 
organisms and non-petroleum hydrocarbons that could cause interference in the 
detection of the diesel fuel (Block et al., 1992).
The diesel in the soil sample was extracted with OmniSolv grade hexane 
(Steinberg, 1994). Hexane (20 to 40 ml) was added to the soil sample in a 250 
ml glass jar and the glass jar was shaken by hand. The diesel fuel dissolved in 
hexane. The diesel-hexane solution was separated and diluted with more 
hexane and injected into the GC. Trial runs made with known quantities of 
diesel fuel in sand indicated that the extraction procedure was sufficient to 
obtain good results with less than 5% error. The analysis was carried out by 
injecting 2 pi of extract using solvent flushing technique into a GC (HP 5890 
Series II Gas Chromatograph) equipped with a flame ionization detector. The 
column (Alltech Associates, Catalog No. 955130) was a 30 m long, 0.54 I.D., 
capillary column with a film thickness of 1.2 pm (phase: AT-5). The oven was 
set to an initial temperature of 50 °C and held for 1 minute. The temperature 
was then ramped to 260 °C at the rate of 15 °C/min and was held at the final 
temperature for 10 minutes. Inlet and the detector were maintained at 270 °C.
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An equilibration time of 3 minutes was allowed after the oven temperature 
reached 50 °C, between two runs. The different gases used in the GC and 
their flow rates are as follows:
Hydrogen (FID) - 30 ml/min
Air (FID) - 200 ml/min
Helium (Carrier) - 2 ml/min
Nitrogen (Make-up) - 30 ml/min
The chromatogram was obtained and integrated using HP 3365 
ChemStation Series II software in a computer. A calibration curve (Figure 11) 
was established for diesel concentration in parts per million (ppm by volume) 
against area under the diesel chromatogram by analyzing samples containing 
known quantities of diesel. The calibration curve was used to calculate the 
unknown TPH concentration present in soil samples taken from the tank 
(Calculation details in Appendix 2).
60000
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Diesel Chromatogram Area
Figure 11. Calibration curve for calculating TPH concentration in a soil sample.
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The GC analysis was also used to determine the influence of the 
ventilation hood on the volatilization of the diesel fuel. A standard containing 
straight chain alkanes (Alltech Associates, Hydrocarbon kit, Cat. No. 18484) was 
analyzed in the GC. The retention times of the normal alkanes were compared 
with the retention times obtained in a diesel fuel chromatogram and the peaks 
were identified. The carbon number distributions of soil samples taken from 
different locations from the same experiment were compared with the carbon 
number distribution of a diesel fuel sample (Figure 12). The y-axis represents 
the integrated area of the peaks (that correspond to the concentration of 
compounds with select ranges of carbon numbers) expressed as a percentage of 
the total area of the diesel fuel chromatogram. The carbon number distributions 
clearly show that there was no significant volatilization of the lighter fractions of 
the diesel fuel due to the presence of the ventilation system.
50 t
Diesel Standard
HI Location 1
Location 5
□  Location 10
Location 15
8 to 11 12 to 15 16 to 20 21 to 25
Carbon Number
Figure 12. Comparison of carbon number distribution of soil samples at 
different locations in the same experiment (05-31-94) with the 
diesel fuel sample.
CHAPTER 4
RESULTS AND DISCUSSION
A total of 18 experiments were conducted for this study. Three rising 
water table experiments and three falling water table experiments were 
conducted with each grade of sand. In addition to the visual observations, total 
petroleum hydrocarbon (TPH) measurements were made for each experiment. 
The results and discussion are based on the visual observations, total petroleum 
hydrocarbons, dimensionless numbers and color-intensity.
Visual Observations
The visual observations, based on the photographs and video recordings, 
indicated that the experiments were reproducible. Figures 13 (a, b, & c) and 14 
(a, b, & c) show the sand filled tank at the conclusion of 24-hour gravity drainage 
and the stage after the introduction of diesel fuel. The line that marked the top 
of the capillary fringe was well defined in the #12 grade sand. The top of the 
capillary fringe became irregular as the grain size of the sand became smaller. 
Some differences were also observed in the migration of diesel fuel towards the 
water table. The downward migration of diesel fuel towards the water table was 
faster in the coarsest sand (#12 grade) and decreased with decreasing grain 
size.
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Figure 13. Conclusion of 24-hour gravity drainage
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Figure 14. Stage after 5 liters of diesel fuel entered the tank
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The pattern of diesel fuel movement was similar in all three grades of 
sand due to rising and falling water tables. Figure 15 (a, b and c) shows the 
final stage in the water table rising experiments. The diesel fuel smeared evenly 
as the water table was raised. Inspection of photographs and video recordings 
suggested that the quantity of diesel fuel that was trapped due to a rising water 
table was higher in fine sand (#30 grade) than the coarse sands (#12 and #20 
grades). In falling water table experiments, most of the diesel fuel migrated 
downwards as the water table was lowered. However, some amount of diesel 
fuel was left behind in the unsaturated zone. Figure 16 (a, b, and c) shows the 
conclusion of falling water table experiments. At the conclusion of falling water 
table experiments, the top of the diesel layer was more irregular in fine sand 
compared to the coarser sand. The irregularity in the appearance of the diesel 
fuel layer can be attributed to the stronger capillary forces in fine sands.
The smearing pattern of diesel fuel in the initially wet sand was different 
from the flow pattern in initially dry sand. Sabapathi (1993) observed a 
breakthrough of water through the diesel fuel layer due to a rising water table in 
#20 sand that was initially dry above the capillary fringe. In all the experiments 
conducted for this thesis, the sand above the capillary fringe was at residual 
water saturation at the time of introduction of diesel fuel. Water did not 
breakthrough the diesel layer in any of the experiments. The smearing of diesel 
fuel in initially wet sand was uniform in contrast to the unsymmetrical distribution 
in initially dry sand. The breakthrough of water through the diesel fuel layer was 
observed by Sabapathi for various water table rise rates. Experiments with 
faster rise rates (9.8 and 20 cm/hr) were not conducted for this study and hence 
the effect of water table rise rate was not determined for initially wet sand.
05-10-94
#20 SAND
'} i
#30 SAND
Figure 15. Final stage in rising water table experiments
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Figure 16. Final stage in falling water table experiments
Total Petroleum Hydrocarbons
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Soil core samples taken from the 15 sampling locations at the conclusion 
of each experiment, were analyzed in a gas chromatograph and the TPH 
concentrations (in mg of diesel fuel/kg of dry sand) were calculated. Tables 5 
and 6 show the mean TPH values at various elevations for rising and falling 
water table experiments. The TPH values at individual locations for all the 
experiments are presented in Appendix 2. The TPH values reflected the visually 
observed diesel fuel distributions. The TPH values also show that the diesel fuel 
distribution was similar in repetitive experiments, indicating the reproducibility of 
the experiments. There are a few exceptions that may have resulted from 
sampling and analysis errors. Figures 17a and 17b show the mean TPH 
concentrations at various elevations due to rising and falling water tables, along 
with the error bars. The errors were greater when the measured TPH 
concentrations were high and decreased with a decrease in the magnitude of 
TPH concentration. The errors were primarily due to the sampling process. 
When the sampling syringe was pushed into the tank in regions of high diesel 
concentrations, the diesel fuel in the area surrounding the syringe entered the 
syringe before a soil sample could be taken. The entry of excess diesel fuel was 
difficult to control and varied with each sample, resulting in the wide error bars. 
Also as excess diesel fuel was collected at regions of high diesel concentrations, 
the TPH values in some instances were more than 214 mg/kg, exceeding the 
saturation limits.
In rising water table experiments, the TPH values in lower levels 
(elevations 15, 25, and 35 cm) were greater for #30 sand and decreased as the
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Table 5
Mean TPH values for rising water table experiments
Elevation
TPH in 1000 mg/kg
#12 Sand #20 Sand #30 Sand
cm EX 3 EX 5 EX 13 EX 1 EX 15 EX 18 E X 8 EX 10 EX 12
55 270 214 383 306 296 225 214 261 286
45 17 21 42 36 68 101 132 95 102
35 22 24 12 23 29 35 48 55 53
25 17 21 12 24 30 29 26 30 30
15 13 18 13 21 26 26 23 20 20
Table 6
Mean TPH values for falling water table experiments
Elevation
TPH in 1000 mg/kg
#12 Sand #20 Sand #30 Sand
cm E X 4 E X 6 EX 14 E X 2 EX 16 EX 19 E X 9 EX 11 EX 17
55 18 18 23 19 24 17 21 24 21
45 11 13 14 15 19 21 27 27 27
35 13 12 12 19 24 30 32 42 35
25 69 15 13 252 257 231 215 230 231
15 248 313 298 185 165 147 148 139 176
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Figure 17 a. TPH distribution in rising water table experiments.
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Figure 17 b. TPH distribution in falling water table experiments.
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grain size increased. The average diesel fuel entrapped due to a rising water 
table was found to be 33, 51 and 67 L/m3 in #12, #20, and #30 sands 
respectively. However, the study was limited by the height of the tank. The 
water table rise had to be stopped when the diesel fuel ponded on top of the 
sand and was about to overflow. A taller tank would have allowed to determine 
if the relation observed between grain size and the amount of diesel fuel trapped 
below the water table existed for greater distances of water table rise.
The diesel fuel retained was greater in #30 sand compared to #20 and 
#12 grade sands (Figure 17b). The TPH concentration tends to increase from 
the top (representing ground level) towards the water table. In #12 and #20 
sands, the TPH concentrations at the topmost level (elevation 55cm) were 
higher than those in the next lower level (elevation 45 cm). An experiment took 
4 to 5 days for completion and the top portion of the coarser sands became dry 
in that period of time. As a result, more diesel fuel was retained in the dry region 
than in the wet region immediately below the dry region. A falling water table 
caused an average retention of 28, 39, and 54 L/m3 of diesel fuel in #12, #20 
and #30 sands respectively.
Results of this study can be compared with those of Kia (1988), Kia and 
Abdul (1990) and Ostendorf et al. (1993). Kia (1988) developed a model that 
predicted the retention of organic contaminants based on the pore geometry and 
reported that the retention either increases or remains unaffected with a 
decrease in particle size of a porous medium. Kia considered three different 
packing configurations (cubic, rhombohedral and orthorhombic) to vary the 
porosity, and a medium with no initial water content. In this study, the porosity 
was approximately 40 percent and the media was at residual water saturation for
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all the experiments. The average retention of diesel fuel was found to increase 
with a decrease in the particle size of sand. However, the increase in retention 
was not proportional to the decrease in grain size. For example, the difference 
in grain size between #12 and #20 sand was more than the difference between 
#20 and #30 sand, but the increase in retention was less between #12 and #20 
sand. The magnitude of retention observed in this study (5 to 19%) are in good 
agreement with the 8-32% retention of diesel fuel reported by Kia and Abdul 
(1990) for sand particles of 75-500 |am grain size.
Ostendorf et al. (1993) studied an aviation gasoline spill site in Michigan 
and applied Parker and Lenhard's (1987) model to the residual LNAPL trapped 
by a fluctuating water table. The diesel fuel residual saturation profile (Figure 
18) observed in this thesis is similar to the LNAPL saturation profile reported by 
Ostendorf et al. Residual saturation of diesel fuel was calculated using the TPH 
values of the falling water table experiments, density of diesel fuel, and porosity 
of sand. The residual LNAPL saturation gradually increases in the downward 
direction from the top of the tank, reaching a maximum that represents free 
product (LNAPL). Below the free product, the LNAPL saturation tends to 
decrease as the water table is approached. Ostendorf et al. observed that the 
LNAPL saturation continued to decrease further in the downward direction and 
was zero at the water table. In this thesis, core samples were not taken in the 
proximity of the water table, and therefore, a direct comparison of LNAPL 
saturation near the water table was not made with the results of Ostendorf et al.
The LNAPL saturation profile can depend on the sequence of fluctuation 
in the water table. In all the experiments conducted for this thesis, the water 
table was initially raised from a certain level and then lowered to the original
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level. If another set of experiments were conducted in which the lowering phase 
is done at first and then the rising phase, the LNAPL profile is likely to be 
different than that reported by Ostendorf et al. and that observed in this thesis. 
Some quantity of LNAPL can migrate downwards during the initial lowering 
phase and could be trapped below the water table during the latter rising phase.
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Figure 18. Mean residual saturation in falling water table experiments.
The relation between the area of smearing (of diesel fuel) due to a rising 
water table and the grain size of sand was investigated. Contour lines for 
different TPH concentrations were drawn using NGrid (a software for 
Macintosh). The core sampling locations were taken as the nodes of the grid, 
and the TPH concentrations (values of three experiments for each grade of sand 
were averaged) were entered as the z-values at the nodes. Contours were
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drawn for TPH values of 50,000 mg/kg and 250,000 mg/kg by linear 
interpolation. Figures 19a, 19b, and 19c show the TPH contours for #12, #20, 
and #30 grade sands respectively. Though the dimensions of the sand tank 
were 81 cm in length and 60 cm in height, the contours were confined to an area 
of 40 cm by 40 cm. The software did not have the capability to extrapolate the 
TPH concentrations beyond the sampling locations that were near the edges of 
the tank. The smeared area (area between the 50,000 and 250,000 contour 
lines) was measured using a planimeter. The smeared area (expressed as a 
fraction of the total area) increased with a decrease in the mean grain diameter. 
The increase in smeared area was not proportional to the decrease in mean 
grain diameter. A definite relationship between the grain diameter and the 
smeared area could not be established because of the limitation in the number 
of grain sizes considered
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for this thesis. TPH data for grain sizes within and outside the range that was 
studied, are required to arrive at the exact relation between the smeared area 
and grain diameter.
Dimensionless Numbers
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Table 7 shows the dimensionless numbers that were calculated using the 
properties of the two liquids that were involved in this study, namely, water and 
diesel fuel. The mean pore diameter was the only variable in the dimensionless 
numbers. All the dimensionless numbers except porous flow, decreased with a 
decrease in the pore diameter. However, the magnitude of decrease was 
significant in Gallileo, Capillarity, and Gravity numbers. The dimensionless 
numbers were compared with the area smeared by the diesel fuel due to a rising 
water table.
Table 7
Dimensionless numbers calculated for the experiments
Dimensionless
Numbers
Water Diesel Fuel
Mean Pore Diameter (cm) Mean Pore Diameter (cm)
0.074 0.032 0.022 0.074 0.032 0.022
Reynolds 3.09E-03 1.33E-03 9.17E-04 8.58E-04 3.71 E-04 2.55E-04
W eber 1.78E-10 7.72E-11 5.30E-11 3.55E-10 1.53E-10 1.05E-10
Porous flow 5.09E-04 1.13E-03 1.62E-03 3.63E-03 8.06E-03 1.15E-02
Gallileo 3971 321 104 308 25 8
Capillarity-1 423 190 133 139 62 44
Gravity 730 148 72 239 48 24
* Fluid and sand properties used in the calculation of the dimensionless numbers 
are presented in appendix 3.
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The smeared area was made dimensionless by dividing the area by the 
square of the mean grain diameter. Figures 20a, and 20b show the linear and 
log-log plots of the dimensionless numbers (Gallileo, Capillarity, and Gravity 
calculated using the properties of water) against the dimensionless quantity 
representing the smeared area. The log-log plots appear to be straight lines, 
indicating the existence of a linear relation between the log values of the two 
dimensionless quantities. However, a definite conclusion was not drawn from 
the dimensional analysis because of the limitation in the number of grain sizes 
considered for this thesis.
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Figure 20a. Linear plot between dimensionless numbers and the dimensionless 
quantity representing the smeared area
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Figure 20b. Log-log plot between dimensionless numbers and the 
dimensionless quantity representing the smeared area.
Color Intensity
A red color dye was added to the diesel fuel to visualize the movement of 
diesel fuel in the sand. The concentration of the dye at a particular location 
corresponded to the concentration of the diesel fuel at that location. The 
correlation between the intensity of the dye color and the TPH concentration was 
investigated. A good correlation would enable prediction of TPH values without 
the process of sampling and analysis in the GC.
Slide photographs (Kodak Ecktachrome 200 slide film) were taken at the 
conclusion of each experiment before taking the core samples (Figure 21a). 
Horizontal and vertical lines were drawn on the glass front of the tank to mark 
the sampling locations. The slides were scanned using a slide scanner 
(Microtek ScanMaker 1850) and stored as TIFF files (Tagged Image File 
Format) in a Macintosh computer. Adobe Photoshop, a desktop publishing
(a) Photograph taken at the 
conclusion of an experiment
(b) Selecting the area in the 
scanned photograph
pixels
0 color intensity 255
(dark) (light)
(c) Histogram of selected area
TPH
400
300
200
100
0
140 200100
Color intensity 
(d) Scatter Diagram
Figure 22. Color intensity analysis
50
software, was used to determine the color intensity. The area enclosed by a 
circle of diameter 2.5 cm representing the diameter of the core sample was 
selected (Figure 21b). The selected area contains 625 pixels (picture elements). 
Each pixel had a certain intensity of red color, which was given by the Adobe 
software as a dimensionless number ranging from 0 (dark) to 255 (light). A 
histogram of the intensities was displayed by the software (Figure 21c). The 
mean intensity for the 625 pixels was also displayed along with the histogram. 
The mean intensities were then plotted against the TPH values that were 
determined by the sampling and analysis procedure. Figure 21(d) shows a 
typical scatter diagram between the mean color intensity and the TPH value.
Samples of sand and diesel fuel with TPH concentrations ranging from 
0 to 300,000 mg/kg were prepared in glass jars and were photographed in an 
attempt to create a calibration table between color intensity and TPH. The 
diesel fuel was not distributed uniformly in the glass jar because it migrated to 
the bottom of the jar, as the jars were arranged on a table for being 
photographed. Due to the uneven distribution of diesel fuel in sand, the color 
intensities varied with the area selected in the glass jar and a calibration table 
could not be created.
Linear regression line was fitted by the method of least squares and the 
correlation coefficient r2 was calculated for each of the 18 experiments. 
Student's t-distribution was used to determine the significance of the correlation 
coefficients (Alder and Roessler 1964). Table 8 shows the correlation 
coefficient, t statistic, and the significance of the correlation coefficient for a 1 % 
level of significance. A high level of correlation was observed for the rising 
water table experiments when compared with the falling water table experiments.
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Table 8
Correlation coefficients of regression lines between 
color intensity and TPH concentration
Sand Grade
Experiment 
Water Table
Correlation 
Coefficient r2
t statistic Significance 
of r2
#12 Rising 0.71 5.6 yes
#12 Rising 0.78 6.9 yes
#12 Rising 0.86 8.8 yes
#20 Rising 0.70 5.5 yes
#20 Rising 0.86 9.0 yes
#30 Rising 0.73 5.9 yes
#30 Rising 0.78 6.8 yes
#30 Rising 0.80 7.3 yes
#12 Falling 0.01 0.4 no
#12 Falling 0.39 2.9 no
#12 Falling 0.18 1.7 no
#20 Falling 0.31 2.4 no
#20 Falling 0.37 2.8 no
#20 Falling 0.14 1.5 no
#30 Falling 0.28 1.2 no
#30 Falling 0.33 2.5 no
r
Ih ll
I  n -  2 Where n = number of data points = 15 
For uf (degrees of freedom) = 13 and a  (significance level) = 0.01, 
critical value of t statistic = 3.012 (Alder and Roessler 1964)
The correlation coefficients were significant for all the rising water table 
experiments indicating the existence of a linear relationship between the color 
intensity and the TPH concentration. The student’s t statistic suggests that color
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Table 9
Slopes and y-intercepts of regression lines for 
rising water table experiments
Sand grade Slope y-intercept
#12 -2.63 412
#12 -2.78 462
#12 -4.21 816
#20 -3.08 499
#20 -3.86 678
#30 -4.25 660
#30 -5.47 889
#30 -4.60 858
intensity cannot be used to predict the TPH concentrations for falling water table 
experiments. The linear relationship was not the same for all the rising water 
table experiments. Table 9 shows the slopes and y-intercepts of the regression 
lines fitted for the rising water table experiments.
The slopes and y-intercepts varied within the same grain size and 
between grain sizes. When data for similar experiments were combined, the 
correlation coefficient decreased considerably, indicating that the relationship 
between color intensity and TPH was unique for each run. The inconsistency in 
the color intensity data may be due to several factors. Variations in lighting, 
photographic slide film, developing and printing of film, and slide scanning may 
have had a cumulative effect on the final color intensity.
CHAPTER 5
CONCLUSIONS
The primary objective of this experimental study was to determine the 
influence of grain size of a porous medium (silica sand) on the movement of a 
light nonaqueous phase liquid (diesel fuel) due to a fluctuating water table. A 
uniform smearing of the diesel fuel was observed as the water table was raised 
and lowered. Though the smearing pattern was similar for all the three grain 
sizes of sand, the distribution of diesel fuel was quantitatively different in each 
case. When the water table was raised, the quantity of diesel fuel trapped below 
the water table increased with a decrease in the grain size. The average diesel 
fuel entrapped due to a rising water table was 33, 51, and 67 L/m3 in #12, #20, 
and #30 grade sands respectively. The study was limited by the height of the 
tank. A taller tank is required to determine whether the relationship observed 
between the grain size and quantity of diesel fuel trapped, continued to exist for 
greater distances of water table rise.
TPH contours were drawn to measure the area of smearing of diesel fuel 
due to a rising water table. The smeared area increased with a decrease in the 
mean grain diameter of sand. A definite relationship between the mean grain 
diameter and the smeared area could not be established because of the limited 
number of grain sizes considered for this thesis. When the water table was 
lowered, the quantity of diesel fuel retained in the vadose zone was greater in
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the fine grained sand compared with the coarse grained sands. However, the 
magnitude of diesel fuel retention was not proportional to the difference in the 
grain size. The average retention of diesel fuel was 28, 39, and 54 L/m3 in 
#12, #20, and #30 grade sands respectively.
The second objective was to study the effects of residual water saturation 
in the vadose zone on the distribution of diesel fuel and to compare the results 
with those reported by Sabapathi (1993). The presence of residual water in the 
vadose zone caused an even smearing of the diesel fuel in contrast to the 
unsymmetrical pattern observed in a dry vadose zone. Unlike the distribution 
observed by Sabapathi (1993), the water (when the water table was raised) 
did not break through the diesel fuel layer. Sabapathi’s experiments suggested 
that water, in its pursuit to occupy the smaller spaces in the soil matrix (pore 
necks), created and followed a path of least resistance, breaking through the 
diesel fuel layer. In this study, the vadose zone was under residual water 
saturation and water had occupied the small pore spaces prior to the 
introduction of the diesel fuel. As the water table was raised, more water 
entered the system and the diesel fuel migrated vertically upwards because of 
the difference in the densities of water and diesel fuel. Sabapathi (1993) 
also reported that the diesel fuel collected in pockets of varying TPH 
concentrations in the initially dry sand as the water table rose. In the 
experiments conducted for this thesis (with residual water in the vadose zone), 
the distribution of diesel fuel was uniform with low concentrations at the bottom 
and high concentrations near the top of the tank.
A method to find the TPH concentration by utilizing the visual 
observations was investigated, as an attempt to eliminate the GC analysis in
future work. The correlation between the intensity of the red color of the dye that 
was added to the diesel fuel to visualize the fuel movement and the TPH 
concentration was studied. A high level of correlation was observed for the 
rising water table experiments compared with the falling water table experiments. 
However, the linear relationship between concentration and color intensity 
varied within the same grain size and between grain sizes. The inconsistency in 
the data could have resulted from the minor variations in the lighting, slide film, 
developing of the film and the scanning process. Hence, a repeatable linear 
relation that could predict the TPH concentrations from the color intensity could 
not be developed.
Dimensionless numbers (Reynolds, Weber, Porous flow, Gallileo, 
Capillarity-1, and Gravity) were calculated with the properties of sand, water and 
diesel fuel. All the dimensionless numbers except porous flow, decreased with a 
decrease in the pore diameter. The magnitude of decrease was higher in 
Gallileo, Capillarity-1, and Gravity numbers. A dimensionless quantity 
representing the smeared area due to a rising water table was generated by 
dividing the smeared area by the square of the mean grain diameter of sand. 
Log-log plots between the dimensionless numbers and the dimensionless 
quantity (representing the smeared area) appeared to be straight lines, 
indicating the existence of a relation between the two numbers. More number 
of grain sizes should be studied to draw a definite conclusion from the 
dimensional analysis.
Future Work
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The effect of grain size of the medium on the distribution of diesel fuel 
was investigated in this thesis. The results pointed out certain limitations that 
have to be addressed in future research. Three grain sizes were insufficient to 
make conclusive statements based on the TPH contours and dimensional 
analysis. Silica sand with mean grain diameters other than 0.178, 0.08, and 
0.056 cm should be considered to verify the relationships established in this 
study. The rising water table experiments were limited by the height of the tank. 
Taller tanks can be used in future work to observe the LNAPL distribution for 
greater distances of water table rise. The core samples to measure total 
petroleum hydrocarbons were taken only at the conclusion of an experiment. 
TPH values at intermediate stages of an experiment would enable to further 
understand the behavior of LNAPL. Advanced monitoring devices such as fiber 
optic chemical sensors can be used at the sampling locations to obtain real-time 
TPH data.
Several areas in the study of LNAPL migration in the subsurface require 
research. The water table was initially raised and then lowered in this thesis, 
representing one cycle of fluctuation. The sequence of water table fluctuation 
and the number of cycles can be changed in further studies. Unlike the LNAPL 
leak that was simulated in the vadose zone, the LNAPL can be introduced at or 
below the water table. Different LNAPLs such as gasoline and kerosene with 
varying properties can be experimented to determine the effects of LNAPL 
viscosity and surface tension.
APPENDIX 1
Mean Grain Diameter
n
Mean Grain Diameter = £  XjWj (Methods for soil analysis, 1965)
i=i
Where Xj = mean diameter of each size fraction (mm)
Wj = proportion of total sample weight occurring in the
corrosponding size fraction 
n = number of size fractions
#12 Sand
Size Fraction Weight
Retained(g)
Xi Wi X i * Wi
US sieve # mm
7 -10 2.83 -2.00 16.36 2.415 0.1658 0.400
10 -12 2.00 -1.68 51.86 1.840 0.5257 0.967
12 -18 1.68 -1.00 30.16 1.340 0.3057 0.410
18 -20 1.00 -0.84 0.22 0.920 0.0023 0.002
20 -25 0.84 -0.71 0.05 0.775 0.0005 0.000
98.65 MGD = 1.780
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#20 Sand
Size Fraction Weight
Retained(g)
Xi Wi Xi * Wi
US sieve # mm
18 -20 1.00 -0.84 27.71 0.920 0.2832 0.2605
20 -25 0.84 -0.71 45.83 0.775 0.4683 0.3629
25 -30 0.71 -0.59 17.10 0.650 0.1747 0.1136
30 -35 0.59 -0.50 5.52 0.545 0.0564 0.0307
35 -40 0.50 -0.42 1.28 0.460 0.0130 0.0060
40 -45 0.42 -0.35 0.32 0.385 0.0033 0.0013
45 -50 0.35 -0.30 0.08 0.324 0.0008 0.0003
50 -60 0.30 -0.25 0.03 0.274 0.0003 0.0001
97.88 MGD= 0.78
#30 Sand
Size Fraction Weight
Retained(g)
Xi Wi Xi * Wi
US sieve # mm
18 -20 1.00 -0.84 0.16 0.920 0.0016 0.002
20 -25 0.84 -0.71 10.07 0.775 0.1011 0.078
25 -30 0.71 -0.59 28.00 0.650 0.2810 0.183
30 -35 0.59 -0.50 31.74 0.545 0.3185 0.174
35 -40 0.50 -0.42 16.78 0.460 0.1684 0.077
40 -45 0.42 -0.35 7.13 0.385 0.0715 0.028
45 -50 0.35 -0.30 3.11 0.324 0.0313 0.010
50 -60 0.30 -0.25 1.70 0.274 0.0171 0.005
60 -70 0.25 -0.21 0.46 0.230 0.0046 0.001
70 -100 0.21 -0.15 0.35 0.180 0.0035 0.001
100 -120 0.15 -0.13 0.13 0.137 0.0013 0.000
99.64 MGD= 0.56
Moisture Content
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Sand
Grade
Empty weight 
of soil can(m1) 
(a)
Weight of sand 
before drying(m2)
(a)
Weight of oven 
dried sand(m3) 
(a)
Moisture 
content* 
(%)
#30 29.94 57.86 57.85 0.03
#30 29.43 61.11 61.10 0.03
#20 29.38 62.94 62.93 0.03
#20 30.23 64.55 64.54 0.03
#12 29.82 62.85 62.83 0.06
#12 30.42 64.92 64.90 0.09
* Moisture Content = ^ — ^ * 1 0 0
m3 -  m-|
Porosity
# 1 2  Sand #20 Sand #30 Sand
Weight of buckets + Sand (kg) 79.41 79.71 84.21
Weight of extra sand and 
empty buckets (kg) -2.49 -2.49 -5.46
Ws= 76.92 77.22 78.75
Volume(m3) Vt= 0.049 0.049 0.049
Particle Density (kg/m3) d= 2625
Volume of sand(m3) Vs = Ws/d 0.029 0.029 0.030
Porosity n = ( Vt - Vs )/ Vt 0.40 0.39 0.39
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Sieve Analysis
#12 Sand
Sieve Size Weight Retained Average 
Wt Retained
Percent
FinerUS# mm Baa 1 Baa 2 Baa 3
7 2.83 0 0 0 0 100
10 2 16.66 16.82 15.59 16.35 83.65
12 1.68 52.02 51.27 52.30 51.86 31.78
18 1 28.51 30.10 31.86 30.16 1.63
20 0.84 0.21 0.34 0.11 0.22 1.40
25 0.71 0.06 0.08 0.02 0.05 1.35
97.46 98.61 99.88 98.65
#20 Sand
Sieve Size Weight Retained Average 
Wt Retained
Percent
FinerUS# mm Baa 1 Baa 2 Baa 3
18 1 0.71 1.75 1.16 1.21 98.79
20 0.84 34.79 42.05 41.90 39.58 59.21
25 0.71 40.64 37.70 38.24 38.86 20.35
30 0.59 15.28 13.37 13.55 14.07 6.29
35 0.5 5.14 3.34 3.76 4.08 2.21
40 0.42 1.71 1.09 0.95 1.25 0.96
45 0.35 0.52 0.20 0.24 0.32 0.63
50 0.297 0.15 0.04 0.06 0.08 0.55
60 0.25 0.07 0.03 0.02 0.04 0.51
99.02 99.57 99.88 99.49
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#30 Sand
Sieve Size Weight Retained Average 
Wt Retained
Percent
FinerUS# mm Bag 1 Bap 2 Bap 3
18 1 0.02 0.06 0.09 0.06 99.94
20 0.84 0.11 0.25 0.13 0.16 99.78
25 0.71 8.49 11.86 9.86 10.07 89.71
30 0.59 27.75 29.12 27.14 28.00 61.70
35 0.5 33.33 30.34 31.55 31.74 29.97
40 0.42 17.93 15.59 16.84 16.78 13.18
45 0.35 7.28 6.78 7.33 7.13 6.05
50 0.297 2.75 3.12 3.47 3.11 2.94
60 0.25 1.37 1.59 2.14 1.70 1.24
70 0.21 0.33 0.44 0.59 0.45 0.78
100 0.149 0.20 0.33 0.53 0.35 0.43
120 0.125 0.06 0.05 0.29 0.13 0.30
99.61 99.53 99.96 99.70
Volumetric Water Content
mp -  m3 . _
Gravimetric water content w(%) = 100
where m i = weight of empty soil can
m2  = weight of sand + can before drying
m3 = weight of oven dried sand + can
Volumetric water content q (%) = w * bulk density of sand
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#12 Sand
Sampling
Point
m l
(Q)
m2 
(0)
m3
(Q)
IV
(%)
Average
w(%)
q
(%)
1 30.03 59.95 59.61 1.15
2 29.66 53.25 52.94 1.29 1.28 2.02
3 29.75 60.66 60.24 1.39
4 29.58 63.72 63.15 1.68
5 29.19 64.46 63.82 1.86 1.73 2.73
6 29.92 63.63 63.08 1.64
7 30.00 65.49 64.81 1.97
8 29.86 64.74 63.97 2.24 2.05 3.24
9 29.63 63.34 62.70 1.93
10 29.95 65.73 64.98 2.16
11 29.91 68.54 67.73 2.14 2.11 3.33
12 30.09 65.49 64.78 2.03
13 30.16 65.40 64.40 2.91
14 29.55 65.10 64.05 3.04 2.97 4.69
15 29.86 64.69 63.68 2.97
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#20 Sand
Sampling
Point
m l
(g)
m2
(a)
m3
(a)
w
(%)
Average
w(%)
Q
(%)
1 30.03 59.80 59.38 1.42
2 29.66 68.04 67.39 1.72 1.63 2.59
3 29.74 67.02 66.38 1.74
4 29.59 70.20 69.59 1.50
5 29.20 69.12 68.32 2.02 1.74 2.77
6 29.92 70.14 69.47 1.69
7 30.01 69.50 68.89 1.57
8 29.86 71.08 70.46 1.53 1.67 2.66
9 29.63 68.16 67.44 1.92
10 29.95 69.27 68.25 2.67
11 29.91 68.30 67.35 2.52 2.56 4.07
12 30.09 68.91 67.97 2.49
13 30.16 76.41 72.71 8.68
14 29.56 73.56 70.05 8.67 8.52 13.55
15 29.86 72.60 69.36 8.20
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#30 Sand
Sampling
Point
m l
(g)
m2
(a)
m3
(a)
w
(%)
Average
w(%)
q
(%)
1 30.20 64.73 63.96 2.28
2 29.40 62.78 61.98 2.44 2.40 3.82
3 30.29 64.19 63.37 2.47
4 29.81 64.34 63.30 3.12
5 29.92 66.32 65.23 3.10 3.08 4.9
6 30.19 65.93 64.87 3.04
7 29.71 64.86 63.80 3.10
8 29.71 64.23 63.22 3.01 3.08 4.9
9 29.86 64.34 63.29 3.14
10 30.41 66.96 65.67 3.67
11 30.01 66.12 64.56 4.52 4.62 7.35
12 29.47 65.86 63.91 5.66
13 29.55 69.37 64.21 14.87
14 30.19 69.78 64.43 15.63 15.48 24.61
15 30.10 70.53 64.97 15.92
APPENDIX 2
TPH Calculation
The total area under the chromatogram of a sample excluding the area 
representing the solvent (Hexane) was calculated using HP Chemstation 
software. From the calibration curve (Figure 11), the ppm corresponding to the 
chromatogram area was found. The volume of diesel fuel present in the soil 
sample was calculated using the formula
V h r 51— *dilutions*1 0  = ppm by volume
v d +  v h
where Vd = volume of diesel fuel (ml)
Vh = volume of hexane added during extraction (ml)
The soil was dried in an oven for 24 hours and the weight of dry sand was 
measured. The total petroleum hydrocarbons (TPH) was calculated using the 
following expression.
TP H (m g/kg) = ^ £dw s
where rd = density of diesel fuel (mg/cm^)
Ws = weight of oven-dried sand
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TPH Values at Sampling Locations
TPH (x1000 mg/Kg) for #12 Sand
Expt No 
Date 
Water Table
EX-3
04_06_94
R
EX-5
05_02_94
R
EX-13
06_25_94
R
EX-4
04_17_94
F
EX-6
05_10_94
F
EX-14
07_11_94
F
Sampling
Point
1 322 210 384 14 15 24
2 231 349 395 21 20 22
3 264 134 369 21 19 23
4 7 23 33 10 12 11
5 25 12 41 12 16 18
6 26 34 55 10 13 13
7 18 30 23 11 12 12
8 28 17 7 14 13 12
9 22 26 12 13 12 11
10 15 22 15 53 15 13
11 13 19 8 70 16 14
12 25 24 13 89 15 11
13 14 17 11 246 333 289
14 8 15 15 249 344 310
15 21 23 13 250 268 294
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TPH (x1000 mg/Kg) for #20 Sand
Expt No 
Date 
Water Table
EX-1
03_19_94
R
EX-15
07_17_94
R
EX-18
08_08_94
R
EX-2
03_27_94
F
EX-16
07_26_94
F
EX-19 
08_14_94 
F
Sampling
Point
1 314 317 216 21 24 18
2 315 292 217 15 27 16
3 289 281 243 22 22 17
4 42 106 86 13 19 22
5 36 68 97 16 19 21
6 29 44 124 15 19 20
7 24 34 28 18 24 34
8 23 22 37 19 23 29
9 22 31 39 18 25 28
10 27 29 28 238 266 209
11 19 34 26 268 254 243
12 26 27 34 252 251 241
13 19 25 24 199 217 129
14 20 27 28 190 174 139
15 23 26 25 169 120 178
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TPH (x1000 mg/Kg) for #30 Sand
Expt No 
Date 
Water Table
EX-8
05_23_94
R
EX-10
06_06_94
R
EX-12
06_20_94
R
EX-9
05_31_94
F
EX-11
06_11_94
F
EX-17
08_01_94
F
Sampling
Point
1 276 309 322 22 21 22
2 217 235 248 24 22 26
3 165 245 294 18 28 17
4 221 205 203 28 27 28
5 119 84 82 26 29 28
6 88 49 64 27 27 24
7 71 74 64 32 37 36
8 52 73 87 32 52 37
9 30 32 27 32 37 31
10 21 29 31 236 262 217
11 31 34 35 207 240 230
12 28 27 26 205 192 247
13 25 29 20 189 207 149
14 24 22 24 157 167 198
15 19 12 16 110 78 185
Appendix 3
Liquid Properties
Param eter W ater D iesel fuel
p (density  in g /cm 3) 1 0 .8 5
p. (A bsolute viscosity in g/cm .s) 0.01 0 .0 3 0 5 *
a t (surface tension in g /s2) 72 3 0 .8 t
a j (w ater-d iesel fuel interfacial tension in g/s2) = 1 5 .5 $
V  (w a te r table rise rate in cm /hr) = 1.5
* Core laboratories 
t  Kia and Abdul (1990) 
t  Abdul (1988)
Sand Properties
Param eter #12  grade # 2 0  grade # 3 0  grade
I (m ean  pore d iam eter in cm)H 0 .0 7 4 0 .0 3 2 0 .0 2 2
k (perm eability in cm 2)§ 2 0 .7 E -6 4 .1 9 E -6 2 .0 5 E -6
d ( n - 0 wr)
A l = 2 x  3(1- n + 9 ) (°stendorf et al., 1993)
§ k = 6.54E-4 d2 (Bear, 1972)
where d = mean grain diameter, n = porosity, and 0wr = residual water saturation
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